Abstract: Two chimeric genes, XynA-Bs-Glu-1 and XynA-Bs-Glu-2, encoding Aspergillus sulphureus β-xylanase (XynA, 26 kDa) and Bacillus subtilis β-1,3-1,4-glucanase (Bs-Glu, 30 kDa), were constructed via in-fusion by different linkers and expressed successfully in Pichia pastoris. The fusion protein (50 kDa) exhibited both β-xylanase and β-1,3-1,4-glucanase activities. Compared with parental enzymes, the moiety activities were decreased in fermentation supernatants. Parental XynA and Bs-Glu were superior to corresponding moieties in each fusion enzymes because of lower Km and higher kcat. Despite some variations, common optima were generally 50
Introduction
Water-soluted non-starch polysaccharides in endosperm cell wall of wheat, barley, rye, etc., which cannot be degraded by enzymes in digestive tract of non-ruminant, are important anti-nutritional factors. Exogenous enzymes, such as β-xylanase and β-glucanase were always supplemented to digest these materials. Growth performance can be enhanced after β-xylanase addition in diet of poultry (Wu et al. 2004 ) and pigs (Barrera et al. 2004) . Feed supplementation of β-glucanase can also improve average daily gain, feed intake and feed conversion rate (Mathlouthi et al. 2002) by enhancing ileum digestibility (Li et al. 1996) .
In-fusion technology was used for application of two kinds of enzymes from once cultivation. In previous study, Lu et al. (2006) constructed a bifunctional enzyme via end to end fusion, which expressed successfully in Escherichia coli, and the purified fusion protein exhibited with greatly enhanced β-1,3-1,4-glucanase activity associated with a decrease in β-xylanase activity. Studies showed that proper linkages using linker peptides may help the moieties to function independently for optimization of their features (Carlsson et al. 1996; Gustavsson et al. 2001) . Thus, the current study sought to construct a bifunctional enzyme by fusion of the β-xylanase (XynA) and β-1,3-1,4-glucanase (Bs-Glu) through two different linkers. The resultant fusion enzymes (XynA-Bs-Glu-1 and XynA-Bs-Glu-2) were characterized and compared with the parental enzymes.
Material and methods

Strains and vectors
Pichia pastoris host strain X-33 and pGAPZαA (Invitrogen) were used for protein expression. pGAP-A-opt was constructed in our previous study (Cao et al. 2007 ).
Construction of the chimeric gene and expression plasmid
The β-1,3-1,4-glucanase gene was cloned in our pervious study (Qiao et al. 2009 ). After de novo synthesis according to P. pastoris protein's codon bias (Zhao et al. 2000) , the DNA fragment was ligated into EcoRI and XbaI sites of pGAPZαA. Proper construction was confirmed by restriction digestion and DNA sequencing and was designated as pGAPZαA-glu.
The chimeric gene of β-xylanase and β-1,3-1,4-glucanase was constructed using the method of splicing-byoverlap extension (Horton et al., 1989) linked with two different linkers (Fig. 1) . Six primers were designed (Table 1) . In the first expression plasmid construction, first, β-xylanase Table. 1. Primers used for chimeric gene construction.
Primer
Sequence a
a Underlined parts in A-opt-Ds and Glu-opt-R represent the introduced EcoRI and XbaI sites.
gene was PCR amplified (PCR1) using the forward primer A-opt-Ds introduced an EcoRI site in XynA 5'-end and reverse primer A-opt-Ala and the pGAP-A-opt as template. β-1,3-1,4-Glucanase gene was prepared via PCR amplification (PCR2) using the forward primer Glu-opt-F and the reverse primer Glu-opt-R with a XbaI site in Bs-Glu 3'-end and the pGAPZαA-glu as template. Second, all gel purification products obtained from PCR1 and PCR2 were used as templates in the following PCR amplification (PCR3), and the PCR3 was performed as 35 cycles of denaturation at 94
• C for 30 s, annealing at 60
• C for 30 s, and extension at 72
• C for 1 min using the forward primer A-opt-Ds and the reverse primer Glu-opt-R. XynA-Bs-glu-2 construction, in which linker 2 was used between β-xylanase and β-1,3-1,4-glucanase, was similar method with XynA-Bs-glu-1, where A-R was used as the reverse primer in PCR1 and Glu-F was used as the forward primer in PCR2. After digestion with EcoRI and XbaI, XynA-Bs-glu-1 and XynABs-glu-2 were inserted into the similarly digested vector pGAPZαA, respectively, to form the recombinant expression plasmid. Proper construction was confirmed by restriction digestion and DNA sequencing (analyzed by DNAMAN software 5.2.2) and was designated as pGAP-XynA-Bs-glu-1 and pGAP-XynA-Bs-glu-2.
Transformation of P. pastoris and expression in shaken flasks
The recombinant plasmid pGAP-glu, pGAP-XynA-Bs-glu-1 and pGAP-XynA-Bs-glu-2 were linearized with BspHI (New England BioLabs, USA), then transformation of P. pastoris and cultivation in shaken flasks were performed according to the EasySelect TM Pichia Expression Kit (Invitrogen, Catalog No. K1740-01). High-level expression transformants were screened from the YPDS (1% yeast extract, 2% peptone, 2% dextrose, 1M sorbitol, 2% agar) plates containing Zeocin TM at a final concentration of 100 µg/mL. The culture medium from theP. pastoris transformant of pGAP-glu that had the highest β-1,3-1,4-glucanase activity was used for the subsequent analysis. The transformants of pGAP-XynA-Bsglu-1 and pGAP-XynA-Bs-glu-2 with both β-xylanase and β-1,3-1,4-glucanase activity were used for further study.
Enzyme activity and protein analysis
The assay for β-xylanase and β-1,3-1,4-glucanase activity was conducted according to the method of Cao et al. (2007) and Qiao et al. (2009) , respectively. One unit of xylanase activity was defined as the amount of enzyme that liberated 1 µmol reducing sugar (xylose) from the substrate solution per minute at the conditions of pH 3.4 and 50
• C, and one unit β-1,3-1,4-glucanase activity was defined as the amount of enzyme required to liberate 1 µmol reducing sugar (glucose) from the β-glucan solution per minute at 40
• C and pH 6.4. Proteins in the supernatant of the culture were separated by 12.5% SDS-PAGE on a Mini-II apparatus (BioRad, USA) and stained with Coomassie Brilliant Blue R-250.
Enzyme properties
Kinetic parameters of all enzymes were determined according to the method of Qiao et al. (2009) . The optimal temperature, thermal stability, optimal pH of β-xylanase and β-1,3-1,4-glucanase were conducted according to the method of Cao et al.(2007) and Qiao et al. (2009) , respectively.
Nucleotide sequence accession number
The GenBank accession numbers of xynA and Bs-Glu were EF114744 and JQ675357, respectively.
Results
Construction of constitutive expression vector and expression in P. pastoris The transformant of pGAP-glu obtained through zeocin selection was cultured in 20 mL of YPD liquid medium and incubated with shaking at 28
• C. The supernatant of the culture was analyzed by SDS-PAGE. Our results indicated the presence of a single protein band with a molecular weight of approximately 30 kDa (Fig. 2) .
The β-xylanase cloned from A. sulphureus and β-1,3-1,4-glucanase from B. subtilis MA139 consisted of 645 bp and 555 bp, respectively. The chimeric gene XynA-Bs-Glu-1 and XynA-Bs-Glu-2 comprised of 1215 bp and 1272 bp, respectively, with both XynA stop codon and the sequence encoding Bs-Glu signal peptide being removed in the fusion sequence. The two genes, XynA-Bs-Glu-1 and XynA-Bs-Glu-2, were transformed into P. pastoris x-33, respectively. All the transformed genes were successfully expressed according to the SDS-PAGE analysis of the supernatant from cell cultures (Fig. 2) , the proteins XynA-Bs-Glu-1 and XynA-BsGlu-2 expressed by the chimeric gene was about 50 kDa, whereas the parental genes separately expressed the XynA protein (26 kDa) and the Bs-Glu (30 kDa) were different with the calculated values. This variation perhaps was due to glycosylation of these proteins.
Comparative activities of the fusion and parental enzymes
After 48 h of culture in 250 mL shaking flasks, supernatants from the culture media were collected by centrifugation and were used for enzyme activity assay. The enzyme activities of β-xylanase and β-1,3-1,4-glucanase detected in fusion enzyme moieties and parental transformants (Table 2) were determined at 50
• C and pH 3.4 for 20 min for β-xylanase and at 40
• C and pH 6.4 for 20 min for β-1,3-1,4-glucanase. As a control, supernatant of wild-type P. pastoris X-33 showed no detectable activity. Table 3 shows calculated values for K m and k cat of the bifunctional fusion enzymes XynA-Bs-Glu-1 and XynA-Bs-Glu-2 and their parental XynA and Bs-Glu. Parental XynA and Bs-Glu were superior to corresponding moieties in each fusion enzymes because of their low K m and higher k cat .
Partial characterization of β-xylanase and β-1,3-1,4-glucanase moieties can be seen in Figures 3 and  4 , and the optimal pH and temperature kept consistent with each other and the parental enzymes. The temperature stability of the both enzyme moieties were decreased in comparison with corresponding parental enzymes. When compared the two in-fusion proteins, the enzymes moiety in XynA-Bs-Glu-1 was more stable than that in XynA-Bs-Glu-2.
Discussion
Inductive expression for acquiring high level β-1,3-1,4-glucanase had been carried out in Pichia pastoris in our recent study (Qiao et al. 2010) , and constitutive expression of β-xylanase was also developed (Cao et al. 2007) . In this study, our aim was to construct a bifunctional enzyme, in which both activities of β-xylanase and β-1,3-1,4-glucanase were remained in the recombinant protein. Here, only enzyme activity in the fermentation supernatant was studied. Obviously, successful study for obtaining such kind of bifunctional enzyme is closely connected to its application value in feed industry. Thirteen glycoside hydrolase (GH) families have xylanase activity and twenty-three families have β-1,3-1,4-glucanase activity as searched in the CAZY database (Cantarel et al. 2009 ; http://www.cazy.org/). Only the family GH5 possesses many enzyme activities involving xylanase and β-1,3-1,4-glucanase when comparing the above thirty-six GH families. All these enzymes in the GH5 family had been recently reported by St John et al. (2010) . Two natural bifunctional enzymes with xylanase and β-1,3-1,4-glucanase activities were reported by Flint et al. (1993) and Chen et al. (2006) , respectively. A bifunctional enzyme of β-1,3-1,4-glucanase and β-xylanase, in which a chimeric gene, Glu-Xyl, encoding Bacillus amyloliquefaciens glucanase and Bacillus subtilis xylanase, was constructed via endto-end fusion and expressed successfully in E. coli, and the purified fusion protein exhibited greatly enhanced β-1,3-1,4-glucanase activity associated with a decrease in β-xylanase activity (Lu et al. 2006) . Activity varia- tions of fusion enzymes are likely attributed to unpredicted, complicated folding of each protein domain (Seo et al. 2000) . Anyway, Lu et al. (2006) had developed a significant exploration of bifunctional enzyme of β-1,3-1,4-glucanase and β-xylanase.
Studies showed that proper linkages using linker peptides may help the moieties to function independently for optimization of their features (Carlsson et al. 1996; Gustavsson et al. 2001) . At the same time, in view of the results by Lu et al. (2006) , different linkers can be projected for inserting into β-xylanase and β-1,3-1,4-glucanase. Thus, linker 1 in this study was designed considering that alanine has a smaller molecular structure than most other amino acids. As can be seen in Table 2 , compared to parental enzyme, β-xylanase moiety in XynA-Bs-Glu-1 held nearly the same activity, whereas β-1,3-1,4-glucanase moiety activity decreased significantly.
It is likely that the flexibility between the two functional domains decreases with decreasing linker length (Gustavsson et al. 2001) . Arai et al. (2001) designed several different linkers in an effort to separate the domains of a bifunctional fusion protein, and the results suggested the ability of the helical linkers (LA(EAAAK) 4 AAA, LA(EAAAK) 5 AAA) to control the distance and reduce the interference between the domains. Thus, the helical structure of LA(EAAAK) 4 AAA was used as a linker between β-xylanase and β-1,3-1,4-glucanase in our study. However, in contrast to our expectation, the two enzyme moiety activities in XynA-Bs-Glu-2 decreased more significantly than XynA-Glu-1 (Table 2) , especially, the β-1,3-1,4-glucanase moiety activity decreased 0.68-fold in linker 2 than linker 1. Such surprising results confused us after at least five times determination. Bai & Shen (2006) indicated that the loss of activity of one moiety is not due to a simple steric hindrance, but rather due to the alteration of the intrinsic conformation of domain in the fusion protein, and such conclusions may offered an explanation for our experimental results.
While enzyme properties were considered, study showed that, although a longer linker might release steric perturbation, the longer linker would be more accessible to degrading enzymes, resulting thus in lower stability (Bülow & Mosbach 1991) . In the study of Lu et al. (2006) , Glu moiety temperature stability decreased in comparison with the parental protein. Such results were consistent with ours. However, Grossmann et al. (1997) showed that the fusion enzyme was more stable against thermal denaturation than the individual enzymes.
In conclusion, two bifunctional enzymes attained by transforming the fusion gene XynA-Bs-Glu-1 and XynA-Bs-Glu-2 into P. pastoris X-33 are desirable, although not ideal, as based on overall comparison of enzyme activities and properties with the parents. The fusion method by inserting linker is useful for construction of commercial bifunctional polysaccharidases. Certainly, more technologies, for example mutation, should be applied into further studies to improve enzyme moiety activity and thermostability for enhancing application value in feed industry.
